The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Low-load nanoindentation can be used to assess not only the plastic yield point, but the distribution of yield points in a material. This paper reviews measurements of the socalled nanoscale strength distribution (NSD) on two classes of materials: crystals and metallic glasses. In each case, the yield point has a significant spread (10-50% of the mean normalized stress), but the origins of the distribution are shown to be very different in the two materials classes. In crystalline materials the NSD can arise from thermal fluctuations and is attended by significant rate and temperature dependence. In metallic glasses well below their glass-transition temperature, the NSD is reflective of fluctuations in the sampled structure and is not very sensitive to rate or temperature. Computer simulations using shear transformation zone dynamics are used to separate the effects of thermal and structural fluctuations in metallic glasses, and support the latter as dominating the NSD of those materials at low temperatures. Finally, the role of the NSD as a window on structural changes due to annealing or prior deformation is discussed as a direction for future research on metallic glasses in particular.
I. INTRODUCTION
The advent of nanoindentation and other nanoscale mechanical tests has permitted the study of deformation mechanisms at the finest scales, often as fine as the carriers of plasticity themselves. For example, low-load spherical nanoindentation techniques have successfully detected subnanometer perturbations associated with "incipient plasticity" phenomena such as dislocation nucleation in crystalline materials [1] [2] [3] [4] [5] [6] [7] and shear banding in metallic glasses. [8] [9] [10] By applying low loads to impress a diamond tip into a test material while dynamically recording load and displacement with high resolution, deformation is stably promoted in a local region that is free from interference from prior sample deformation. What is more, due to the fine length scales of these tests, they can in principle be compared with atomistic or mechanistic simulations. [11] [12] [13] [14] A key strength of nanoindentation testing is that it permits rapid acquisition of data; hundreds of experiments can be conducted on a single sample in a matter of hours. This opens the door to new types of studies focused on statistics or spatial mapping of local mechanical properties. For example, in composite microstructures an array of local nanoindentations can be used to map modulus, hardness, or other properties. [15] [16] [17] [18] [19] [20] Even within a single-phase sample, nanoindentation can be used to assess the statistical distribution of plastic events that may happen under nominally identical test conditions. Such measurement statistics can be used to infer details of the controlling physics that underlie deformation. In our group's recent work, we have studied the distribution of plastic events in materials with both crystalline 4, 21, 22 and amorphous 23, 24 structures, and in each case have been able to discern interesting details about the onset of plastic flow.
The purpose of this paper is twofold. First, we provide an overview of our recent work using low-load nanoindentation to measure the nanoscale strength distribution (NSD) in crystalline materials, including the methods and results of some prior published works. 4, [21] [22] [23] [24] Second, we present new data on the NSD of several amorphous metals, which offers an intriguing contrast to the results from crystalline materials. The origins of the NSD in the two classes of materials are compared and contrasted, and implications for plasticity of metallic glasses are discussed.
II. MEASURING THE NANOSCALE STRENGTH DISTRIBUTION
For nanoindentation at low loads, it is possible to observe the elastic-plastic transition. In many materials the yield point is manifested as a "pop-in" event, which is characterized by a rapid depth excursion. Figure 1 shows some characteristic examples of load-displacement traces for (a) single-crystal (110) platinum and (b)-(d) three metallic glasses of different compositions, with the first pop-in event that marks the onset of global plasticity identified. In each of these four cases, the data were acquired with a nominally spherical diamond indenter tip, with further experimental details assembled in the Appendix.
In such experiments there are often many displacement bursts, so the identification of the yield point typically involves a more nuanced search for the first plastic event. For example, in each of the cases in Fig. 1 , the first pop-in is also found to mark the first clearly measurable departure from the Hertzian elastic curve for sphere-on-plate contact 25, 26 :
where P is the load, R is the tip radius, h is the indentation depth, and E r is the reduced elastic modulus. The curve described by Eq. (1) is shown in each panel of Fig. 1 as a solid gray line (see the Appendix for experimental inputs). In addition to the pop-in in the loaddisplacement curves, for each of the four cases in Fig. 1 , there was always a corresponding spike in indenter velocity, the analysis of which is elaborated in Refs. 4 and 9. The simultaneous observation of a displacement burst, velocity spike, and the first departure from elastic contact theory together are required to identify the yield point in the experiments reported here. This paper is concerned not with the details of individual experiments such as those in Fig. 1, per se, but rather with the distribution of responses from many experiments. We assess the so-called nanoscale strength distribution (NSD) by repeating the experiment of Fig. 1 many times; we find that more than about 100 indentations are necessary to develop a clear picture of the distribution. These experiments are all conducted in the same general region of the same specimen at about the same time (within a few hours, generally), separated by a small distance that is sufficiently larger than the impression depth to guarantee that there is no overlap of the plastic zones. For a single spectrum, the same loading function (rates/times) is used for each experiment in the series; the experiments in the series are all nominally identical. The Appendix contains details for the four materials tested here.
Typical nanoscale strength distributions for each of the four materials in Fig. 1 are presented in Fig. 2 Fig. 2 , the range of yield loads measured here significantly exceeds the measurement uncertainty in nanoindentation; the spread in the data are reflective of a true physical response, the origin of which is explored in more detail in subsequent sections.
The results in Fig. 2 are raw data, so comparison among different materials, or in some cases with physical models, requires normalization of the data in some way. For example, instead of the load at yield, the distribution could be presented in terms of a characteristic stress, such as the maximum (Hertzian) shear stress or the mean contact pressure at yield. To account for different moduli of the tested materials, a characteristic strain can also be used for normalization, such as, e.g., the mean contact pressure (P m ) divided by the reduced indentation modulus:
which we refer to for convenience as the "contact strain." Figure 3 replots all of the raw data from Fig. 2 using this parameter; the curves for all four materials now share the same scale. In Figs. 1 to 3, two different classes of material (crystal versus glass) are presented, and the basic features of the elastic-plastic transition appear similar: the yield point manifests as a displacement burst that marks the departure from Hertzian contact theory ( Fig. 1) and exhibits a broad statistical distribution (Fig. 3) that spans a similar range of contact strains. However, the process of plastic yield in crystalline and amorphous metals is, of course, physically very different. We can imagine two different sources for the spread in the NSDs in Fig. 3: (i) Structural fluctuations: Across the many experiments used to collect the NSD, the indenter may sample many different atomic configurations (including both internal and surface configurations), each of which yields through a somewhat different critical event.
(ii) Thermal fluctuations: The same critical plastic event may be triggered upon each indentation, but it may be subject to stochastic noise from thermal fluctuations.
Of course, combinations of (i) and (ii) are also possible. In Secs. III and IV, we examine in more detail the NSDs of crystalline and amorphous materials, and demonstrate that their origins are dominated by (ii) and (i), respectively.
III. NSD IN CRYSTALLINE MATERIALS
We first consider experiments such as those conducted on (110) platinum in Figs. 1(a) and 2(a), in which the test material is a single crystal with an exposed surface plane that is the same for all of the indentations in the series. If a crystal is well annealed, and if its surface has been carefully prepared to render surface ledges or irregularities rare, then the initial defect density is low, and given the small size of the indentations, it is a fair assumption that all of the experiments are literally identical (to within an atomic translation). When such a homogeneous material is tested many times under identical conditions and widely variable results are obtained, one unavoidable source of variability-thermal fluctuation-is likely responsible. In this view, plasticity is controlled by a stress-biased, thermally activated process requiring some time for a suitable thermal fluctuation to occur and trigger it. As such, the process is variable and also very sensitive to time and temperature. Low temperatures reduce thermal fluctuations, and high imposed strain rates limit the available time for them to occur, both of which delay the yield event.
Thus, a critical piece of evidence for a thermal fluctuation origin of the NSD is its dependence on applied indentation rate and temperature. Figure 4 (a) shows data from Ref. 4 for the (110) platinum specimen, where a shift in the NSD toward higher strength is seen as the loading rate is increased. Further evidence of thermal activation is seen in Fig. 4(b) , which shows the effect of test temperature on the distribution, with higher temperatures promoting earlier yield. These two sets of data are (2), and E r is the reduced modulus of the contact (given in the Appendix for each material).
representative of many other combinations of rate and temperature from Ref. 4 , all of which follow the same basic trends and align with intuition for a thermally activated process.
Beyond the observation of rate-and temperaturedependent shifts to the NSD, it is possible to compare such data to the expectations of a thermal activation model. Schuh and Lund 21 originally laid out the framework for such analysis, which has been adapted and refined somewhat in subsequent works. 4, 22, 27 Essentially, those authors assumed an Arrhenius rate law for the single, critical event that controls yield, incorporated a stress bias from the Hertzian elastic field that prevails beneath the indenter, and related the rate law to the probability of measuring the critical event during nanoindentation. The result is an estimate for the cumulative distribution function, which, in a simplified form for a condition of constant loading rate, writes
where k is the Boltzmann constant and
Equation (3) contains both of the critical test parameters from Fig. 4 , loading rate _ P and temperature T, and also contains the kinetic activation parameters for the process controlling yield: activation enthalpy e, activation volume V, and attempt frequency Z. A principal value of the model in Eq. (3) is that if, as hypothesized, a single critical process controls yield, then all of the NSD data measured on a single material can be fitted with this expression using one set of activation parameters. Not only does the model capture changes in the mean strength values with rate and temperature, it can in principle validate that all of the spread in the NSD itself arises from thermal fluctuations; for a set of identical experiments, some measurements sample favorable fluctuations that locally weaken the crystal, while others sample fluctuations that oppose plastic yield.
In the case of single-crystal Pt, this indeed turns out to be the case: a single thermally activated event with e % 0.34 eV and V % 10 Å 3 can essentially explain the full suite of experimental data (including the six NSD series in Fig (111) found similar activation parameters, suggesting a similar ratelimiting mechanism for yield. 4 Apart from Pt, other single crystalline materials have also been subjected to NSD analysis including SiC, 21 Ta, 28 and Ni 3 Al
27
; these always reveal a marked rate (and, where it is measured, temperature) dependence as expected for a thermally activated process. In every case where activation parameters have been extracted, they have been found to be very small-with scales characteristic of a single-atom process. The meaning of this has been discussed at length in Ref. 4 ; we believe that it generally suggests a heterogeneous dislocation nucleation process as underlying the first pop-in event, at least in the experiments from our group. Of course, in the various different materials under investigation the mechanism can certainly vary in many details, and a number of specific mechanisms remain under active discussion. 22, [28] [29] [30] [31] [32] One benefit of extracting activation parameters from a full NSD, though, is that these quantities are abstracted based on time, rate, and temperature dependencies; they are less sensitive to, e.g., the validity of Hertzian mechanics, nonlinear elastic effects, etc., than are estimates of the local stresses at yield and thus can provide more nuanced insight into mechanisms.
The fact that NSD data for single crystals are often extremely well fitted by a thermal activation model is interpreted as strong support for the notion that these types of experiments sample essentially the same critical event in each indentation, and the variability in the measured response is dominated by thermal fluctuations. The fact that the same amount of plastic strain is accommodated for every event in the distribution in some cases further supports this argument. 21 However, such fits by no means rule out the possibility that additional variability in the NSD arises from structural fluctuations. Vacancies, impurities, surface ledges, pre-existing dislocations, etc., are all expected to occasionally be sampled during nanoindentation even at the finest scales. 4, 7, 33 As pointed out in Ref. 4 , these structural fluctuations introduce additional observation probabilities in the NSD, and could account for some features of the NSD that are not well explained by thermal activation. For example, it has been noted that the tails of the curves 4 are usually the most poorly fitted by such models, and it seems reasonable that the outlier states of the distribution could arise from relatively rare structural fluctuations in single crystals.
Although the present work deals only with nanoindentation, the same statistical approach described here should be amenable to any nanoscale test geometry. For example, the discussion of yield and plasticity in microcompression testing is recently focusing attention on variability in results and the role of defect distributions. 34 We suggest that study of the NSD and separation of thermal activation from structural fluctuations could provide quantitative insight on such issues.
IV. NSD IN AMORPHOUS METALS
We now consider the NSD for amorphous metals such as shown in Figs. 2(b) to 2(d). Amorphous metals, or metallic glasses, have no lattice structure and do not deform by dislocation plasticity. Instead, the pop-ins observed during nanoindentation in metallic glasses correspond to rapid shear localization (shear banding) along a plane of material exceeding the yield stress of the bulk material. 31, 35 Flow serration in nanoindentation load-displacement curves is observed to be sensitive to composition, processing history, tip shape, applied loading rate, and temperature. 31, [36] [37] [38] [39] [40] [41] [42] [43] [44] The shear band corresponding to the initial yield event in low-load spherical indentation does not originate from the point of maximum shear stress in the Hertzian field (located at a distance of roughly half a contact radius into the material 26, 40 ), but instead is believed to span a trajectory ranging from the edge of the contact to a depth greater than twice the contact radius. 9 Two considerations enter into our expectations about the NSD of metallic glasses. First, when a series of nanoindentations is conducted on a glass, although the test geometry and conditions are identical, the metallic glass lacks the chemical and structural homogeneity of crystalline material. There are a wide variety of topological states [45] [46] [47] and free-volume sites 48,49 located sporadically throughout the glass structure, and a corresponding spectrum of activation conditions to induce flow. [50] [51] [52] [53] [54] Second, the process of shear localization that is believed to underlie the yield point is known to be a highly cooperative process. Although strain rate and temperature have a strong effect on the density and velocities of shear bands, 55, 56 the yield strength is characterized by a very large apparent activation volume and energy, and is therefore only weakly sensitive to temperature and rate. 57 Based on these considerations, we expect that the large variability in the NSDs of the glasses in Figs. 2 and 3 is not principally related to thermal activation, but instead is predominantly a reflection of the structural variability of the glasses themselves. In the following, we proceed to verify this expectation through experiments that probe the rate and temperature dependence of the NSD, and then through simulations that model the unit process of glass deformation during nanoindentation.
A. Temperature and strain rate effects
As noted in Sec. III, a critical feature of thermal fluctuation-induced spread in the NSD is a corresponding significant dependence on rate and temperature. We now apply this test to some metallic glass specimens, by assessing rate sensitivity of the NSD over several orders of magnitude in indentation rate (for two glasses) and its temperature dependence below the glass transition (for a third glass). The Appendix contains all of the experimental details for these series of indentations.
We first turn our attention to the temperature experiments. Although our group 55, 58 and others 44 have applied high-temperature nanoindentation to metallic glasses in the past, the present experiments are the first to explicitly study the first yield event at nonambient temperatures. We note that these experiments require a customized apparatus capable of maintaining a nonoxidizing environment, so that the measured results can be confirmed free of artifacts from surface oxide layers (see the Appendix). Figure 5 presents some examples of the raw loaddisplacement curves for these tests. All of the curves shown are for temperatures below the glass transition (288 C
59
), so the basic response is the same, including apparent elastic deflection and a pop-in marking the onset of measurable plastic flow. The NSD of this Pd-based glass is broad (see Fig. 3 ), and we find that temperature lowers the mean yield point of the glass. While at room temperature the median value of P m at yield is 7.8 GPa, it drops by about 10% at 50 C and another 5% at 100 C, to values of 7.0 and 6.6 GPa, respectively. This softening is relatively minor, and at least partly due to the lowering of the elastic modulus with temperature. When the NSDs are plotted using the modulus-compensated mean pressure (or characteristic strain) as in Fig. 6 , the curves for these three temperatures are quite close together.
At a somewhat higher temperature of 150 C, which is about 75% of the glass transition temperature of this glass on the absolute scale, the measured behavior shows a deviation from expectations, with the NSD shifted to apparently higher strengths. As seen in Fig. 5 , the loaddisplacement curves at this temperature have significantly lower curvature in the range below the nominal yield point. In fact, these curves are not well fitted by the Hertzian contact theory [Eq. (1)], which we believe is a reflection of time-dependent (viscous) flow mechanisms setting in; it is common to observe such mechanisms beginning to emerge at these temperatures for metallic glasses. 55 Accordingly, the physics of flow are different at this temperature. The first pop-in measured is not necessarily reflective of the same physical event, and the Hertzian calculations used to analyze the data are no longer strictly valid. As a result, the NSD at this temperature lies notably above those for the lower temperatures in Fig. 6 . Even so, the data clearly show that there is no strong temperature dependence of the NSD in this material. [Compared with the effect of temperature in single crystal Pt, for example, in Fig. 4(b) , the trend here is negligible.]
Next, turning our attention to the indentation rate experiments, we find that the effect of rate on the NSD curves is also negligible. Our data for two different glasses are shown in Fig. 7 , where the various-rate data sets are tightly grouped and follow the same general shape, despite several decades of difference in the applied indentation rates.
The above results on the NSD of metallic glasses are in stark contrast to those for single crystal Pt in Fig. 4.   FIG. 5 . Examples of the load-displacement curves measured on the Pd 40 Cu 30 Ni 10 P 20 metallic glass at elevated temperatures. The curves are offset along the x-axis for clarity of presentation, and arrows denote the specific location of the first pop-in event in these tests. 40 Cu 30 Ni 10 P 20 metallic glass, measured at four different temperatures. When normalized by temperature-dependent reduced modulus, the data for the lower temperatures agree reasonably well, suggesting weak temperature dependence of the specific plastic deformation mechanism that controls yield. The data at 150 C are anomalously high because the temperature is approaching the range where mechanisms shift (see text).
FIG. 6. Nanoscale strength distribution of Pd

FIG. 7.
Nanoscale strength distribution (NSD) of two metallic glasses is found to be essentially unchanged as the rate of the test is varied over two orders of magnitude.
In Pt, the spread of the NSD as well as its change with rate and temperature are all consistent with thermal activation, whereas in metallic glasses there is a large spread in measured strength but essentially no rate dependence. The temperature dependence of the metallic glass NSD is also trivially compensated for by the temperature-dependent modulus, at least at low temperatures well below the onset of viscous creep flow.
In one sense, these results are exactly as expected for metallic glasses deformed at low temperatures where shear banding prevails: yield is known to be strain controlled and thus strength scales with modulus, 50, 57, 60 while the essential rate-independence of flow is also well documented. 57 The negligible temperature and rate dependence suggest that thermal activation plays a relatively smaller role in the yield of these materials (at least for temperatures well below the glass transition), and despite this, there is a very large spread in the NSD. We therefore conclude that in metallic glasses, the NSD spread does not principally arise from thermal fluctuations in the system. [Although one could attempt to fit any individual dataset from Figs. 6 or 7 with a thermal activation model like that of Eq. (3), it is not possible to fit all of the rate and temperature series with a single set of activation parameters.] Instead, we suggest that the NSD data represent an actual distribution of local strengths, controlled by the local atomic configuration sampled beneath the indenter tip.
B. Computer simulations
One way to verify the above inference-that structural fluctuations inherent to the glass structure cause the spread in the NSD data-is to use computer simulation to explicitly study the effects of structural heterogeneity on nanoindentation. Here we make use of a newly developed mesoscale simulation method for metallic glasses, termed "shear transformation zone dynamics." 12, 61, 62 The shear transformation zone (STZ) is envisioned as the unit process of plastic deformation in metallic glasses and is essentially a local shear rearrangement of a cluster of atoms; through many such local shear transformations distributed through the glass volume, global plasticity of the glass is realized. The STZ dynamics modeling framework considers a coarse-grained representation of a metallic glass on a finite element mesh, where potential STZs are mapped onto features of the mesh and can be activated throughout the simulation cell according to a rate law that depends on the local stress and temperature. The framework is controlled by the kinetic Monte Carlo (KMC) algorithm, and the stress and strain distributions following the volume-preserving shear-shape distortions of STZs are calculated using finite element analysis (FEA). The combination of KMC and FEA provides the ability to capture the expected behaviors of a metallic glass on experimentally relevant time and length scales, while offering a microscopic picture of the deformation. 12 In principle, the STZ dynamics model can closely match experimental length and time scales, and here we use a model that is somewhat smaller but reasonably comparable in scale to what is experimentally achievable in nanoindentation. Specifically, we use a twodimensional plane-strain model, which is indented by a cylindrical indenter of 40 nm radius, at a fixed rate of 1 nm/s. However, the purpose of the model is not to provide predictive comparisons with the experiments, but to separately study the effects of thermal and structural fluctuations. We achieve this separation as follows. The simulated glass structure that we study is prepared by simulated cooling from the liquid, from 1000 to 300 K at a rate of 10 K/s, as described in more detail in the Appendix. Such processing leads to considerable quenched-in disorder, in the form of a pre-existing distribution of local strains and stresses. The starting condition of the material is shown graphically in Fig. 8 , where the local STZ strains are shaded in Fig. 8(a) , and the local von Mises stresses are shown in Fig. 8(b) . With the structure shown in Fig. 8 , we conduct two different series of simulations:
(i) In the first series, 10 copies of the simulation cell are produced, and 10 simulated indentations in exactly the same location are conducted, but with different random number generator seeds. In this series, the simulations therefore sample the same structure but different thermal fluctuations.
(ii) In the second series, 10 variants of the simulation cell were produced, by translating and rotating it by 180 (in various combinations) relative to the indenter position. In this series, the indentations therefore sample 10 different local glass structures (as well as different thermal fluctuations). The NSD analysis proceeds in essentially the same way for these simulations as it did for the experiments. An example raw load-displacement curve for one simulation is shown in Fig. 9 , where it is compared with the elastic deflection curve. In these simulations the departure from elastic loading is not marked by a severe popin, for a number of reasons discussed elsewhere, 23 including the size of the indenter and the lack of a strain softening mechanism in the simulation. However, the yield point can be easily identified by recording the very first STZ activation, with its corresponding triggering load, contact pressure, and indenter displacement (with a degree of resolution higher than is experimentally possible). Upon subsequent loading, additional STZs form and gradually develop into individual slip lines, as shown in the inset to Fig. 9 at a later time well into the plastic regime.
After conducting each series of indentations, the NSD is compiled as shown in Fig. 10 , using the contact strain for the ordinate, as done for the experimental data previously. First examining the data labeled "series 1: thermal fluctuations," we directly see the role of thermal activation on the NSD, as these indentations all sampled exactly the same glass configuration. The degree of spread in the NSD in this case is small (9% of the mean), and the curve is almost vertical with most of the variation located in the tails. On the other hand, for "series 2: structural fluctuations," the spread is significantly larger (20% of the mean), and the shape of the distribution is different, comprising a shallower slope across the full range.
Comparing the raw simulation results to the experiments is not strictly appropriate (as a result of the differences in geometry, glass properties, etc.). However, on a normalized basis some limited comparisons are possible. For example, it is significant that the spread in the experimental NSDs (between, say, the 10th and 90th percentile) is always close to $20% of the mean (see Fig. 3) , similar to what is seen in the simulations that probe structural fluctuations, but significantly broader than seen in the simulations that sample only thermal fluctuations. In fact, for the glass that most closely matches the elastic and thermal properties of the simulated glass (Pd 40 Cu 30 Ni 10 P 20 ), the correspondence between the simulated NSD and the experimental one is encouraging, with the (10, 50, 90)th percentile values of P m /E R being (0.068, 0.075, 0.084) and (0.067, 0.078, 0.084), respectively. These results provide support for our interpretation that variability in the local glass structure is the dominant source of the spread in the experimental NSDs of metallic glasses.
C. Induced structural variations
Given that the spread in measured yield points derives from structural variations in metallic glasses, it follows that the NSD might be sensitive to changes in the glass structure. We offer this as a key direction for future studies of metallic glasses, since the connection between glass structure and properties is poorly understood and usually based only on macroscopic measurements that implicitly average over the NSD. We offer two examples of the kinds of studies that are needed in this area below. FIG. 9 . Typical simulation result showing the load-displacement result for simulated nanoindentation of a metallic glass with a preexisting stress distribution. The data gradually depart from the elastic curve (solid gray line), as a plastic zone of STZ activity develops (see inset). The first plasticity to occur is difficult to discern in the displacement of the indenter, but is identifiable based on the activation of the first STZ, at the point noted. First, the most widely appreciated method of changing glass structure is to anneal and relax out free volume. 57, 63, 64 In Fig. 11 , we compare the NSD on two different glasses in as-cast and well-annealed states (12 h at 80% of the glass-transition temperature). The effect of annealing is found to be extremely subtle: if only a few measurements were conducted then there would be no clear change in the average yield point or its standard deviation. Only by assembling a thorough cumulative NSD do we observe any change at all, and even then the results are still subtle (although consistent): there is a slight tendency toward strengthening at all points in the distribution for both of the glasses tested here. Perhaps more interesting is that the lower tail of the NSD seems most affected by annealing. This suggests that the "weakest" sites in the glass structure may be preferentially removed; if the weak sites are presumed to be those of the highest free volume, then the present results may offer an interesting comparison with observed changes in positron annihilation data that show the loss of high free-volume sites upon annealing. 49 Correspondingly, the higher tail of the NSD is relatively less affected, which suggests that "strong" sites are not susceptible to relaxation. On the whole, though, the average strength of the glass is only slightly affected by annealing. This aligns well with macroscopic measurements, which generally show little change in strength or hardness after annealing. Annealing has a far more pronounced effect on toughness 65, 66 -this may relate to the preferential loss of "soft" sites in the NSD, although much more work is needed to make a true connection between these local measurements and any global property.
Second, glass structure may be affected by deformation, and in some of our recent work this has been observed during cyclic loading under the nanoindenter. In each of the three glasses, substantial cyclic hardening is observed. These data appeared previously in Refs. 23 and 24; note that the data for Pd 40 Ni 40 P 20 here used a different tip radius (1.1 mm) than the data in the rest of this paper.
plotting the NSD both for the as-received glass and for glass that was subjected to sub-yield cycles of indentation (in the nominal Hertzian elastic regime) before being loaded up to the yield point. For all three glasses, the NSD is found to strongly shift to the right after cyclic loading, and in general, the effect is progressive over the course of a few cycles. This cyclic hardening phenomenon is clear (although indirect) evidence that cycles of nominal elastic loading, during which no shear bands form, lead to microplastic structural rearrangement of the glass. Interestingly, these deformation-induced structural changes far more drastically impact the NSD than does annealing (compare Figs. 11 and 12 ). In annealing, even a small effect seen in the NSD manifests as a large effect on, e.g., fracture toughness; the comparatively large effect of cyclic microplasticity could perhaps be expected to have an even more significant effect on macroscopic properties. The connections of this phenomenon to fatigue of metallic glasses are being explored presently, as a local mechanism for glass structure change is required to explain conventional cyclic crack advance during fatigue of metallic glasses. 57 
V. CONCLUSION
We propose that the combination of nanoscale testing with large statistical datasets is a powerful approach to understanding deformation mechanisms. From a series of nominally identical nanoscale experiments, not only the mean measurement, but also its full statistical distribution, are reflective of details of the nanoscale fluctuations that control properties. Here we have reviewed measurements of the nanoscale strength distribution (NSD) for two classes of materials: crystals and amorphous metals. In each case, the NSD is assessed by low-load spherical nanoindentation measurements, and in each case a broad spread of results emerges. However, the details of these NSDs and their variation are distinctly different between crystals and glasses, which is a direct result of the fundamentally different nature of plastic flow in these classes of materials.
In crystalline metals, the spread of the NSD as well as its change with indentation rate and test temperature can all be essentially explained based on thermal activation. Thermal noise is the principal source of variability in such systems, because every test samples essentially an identical atomic environment. The yield event is a stressbiased dislocation-based process, and the activation parameters from experiments reported to date are generally consistent with a heterogeneous mechanism of dislocation multiplication or nucleation.
In metallic glasses well below their glass transition, the variability in the yield point is dominated not by thermal fluctuations, but by structural ones; nominally identical tests probe different local atomic structures, which intrinsically have different yield strengths. Here we have presented new experimental data that confirm this proposal. The effects of rate and temperature upon the NSD of metallic glasses are essentially negligible, which in turn means that thermal fluctuations cannot be the primary cause of the spread in the NSD. This inference has also been tested using an STZ dynamics model of nanoindentation in metallic glass, which permits a separation of thermal and structural fluctuations on the measured NSD that is not possible in experiment. These simulations confirm that in a glass below the glass transition, the structural variability probed during a series of nanoindentations is the more significant source of spread in the NSD than is thermal noise.
Finally, we observe that because the NSD of metallic glasses is reflective of their underlying distribution of structures, it can be thought of as a sensitive probe for local structural changes. Here we describe two specific processes of structural change: annealing and cyclic loading. Annealing is found to shift the NSD in a relatively subtle way; it does not change the average strength of the glass by much, but does seem to preferentially remove weaker regions of the glass. On the other hand, cyclic loading in the nominal elastic range (before a shear band forms) leads to local structural change that is attended by hardening. were conducted at room temperature (24 C), 50, 100, and 150 C (0.52, 0.57, 0.66, and 0.75 T g , respectively), with a loading rate of 500 mN/s and a diamond tip radius of 1.2 mm. At the four test temperatures, the reduced moduli are E r % 100, 98, 97, and 95 GPa, respectively. A peak load of 3 mN was used at room temperature, but this was lowered to 2 mN at elevated temperatures. The system was equilibrated for 45 min prior to testing at elevated temperatures, and the tip was kept in contact with the surface throughout the experiments in accordance with the procedure described in Refs. 70 to 72. In order to avoid oxidation at nonambient temperatures, the tests were performed in a controlled atmosphere attained by drawing a mechanical vacuum and backfilling with ultrahigh-purity argon three times. The final base pressure was <2.5 Pa during testing. A series of room-temperature reference measurements were repeated twice (after the tests at 50 to 100 C and also after those at higher temperatures); through this procedure we verified that the room-temperature NSD was not affected by high-temperature testing (due to either oxidation or other structural change).
The simulations described in the manuscript are based on the STZ dynamics simulation method described in detail in Ref. 12 , and its adaptation to the case of indentation contact in Ref. 23 ; the results reported here, however, are all new to the present work. The simulated glass was 0.7 nm thick (plane strain conditions were applied in this direction), 100 nm wide, and 35 nm high. The input parameters that describe the glass properties included a shear modulus of 35.8 GPa, Poisson's ratio of 0.352, Debye temperature of 327 K, an STZ volume of 1.6 nm 3 , and an intrinsic activation energy barrier of 2.63 eV, as taken from Refs. 12, 23 and 61. Prior to testing the glass, an internal stress/strain distribution was developed as follows. The pre-existing stress distribution for this glass was developed through simulated thermal processing in the STZ dynamics framework by allowing a simulation cell to reach an equilibrated state through STZ activity at 1000 K and then allowing the glass to relax through STZ activity during cooling of the glass at 10 K/s until it reached 300 K, as described in Ref. 12 . This pre-existing stress distribution was then mapped onto the present simulation cell and allowed a minor degree of equilibration to satisfy the boundary conditions used in the present simulations. These conditions (which were used for the indentation simulations) included fixed nodes along the bottom edge of the cell, and periodic boundary conditions at the sides of the cell. Frictionless hard contact was assumed between the tip and the top of the simulation cell, which was otherwise free. The tip radius was 40 nm and the elastic reference curve in Fig. 9 was obtained by suppressing STZ activity to recover the purely elastic response of the model.
